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There is a growing interest in astrophysical tests of the stability of dimensionless fundamental
couplings, such as the fine-structure constant α, as an optimal probe of new physics. The imminent
arrival of the ESPRESSO spectrograph will soon enable significant gains in the precision and accu-
racy of these tests and widen the range of theoretical models that can be tightly constrained. Here
we illustrate this by studying proposed extensions of the Bekenstein-type models for the evolution
of α that allow different couplings of the scalar field to both dark matter and dark energy. We use
a combination of current astrophysical and local laboratory data (from tests with atomic clocks)
to show that these couplings are constrained to parts per million level, with the constraints being
dominated by the atomic clocks. We also quantify the expected improvements from ESPRESSO
and other future spectrographs, and briefly discuss possible observational strategies, showing that
these facilities can improve current constraints by more than an order of magnitude.
PACS numbers: 98.80.-k; 98.80.Es; 98.80.Cq
I. INTRODUCTION
Astrophysical tests of the stability of fundamental cou-
plings such as the fine-structure constant α are an ex-
tremely active area of observational research. The deep
and compelling conceptual importance of carrying out
these tests has been complemented by recent (although
controversial) evidence for such a variation [1], coming
from high-resolution optical/UV spectroscopic measure-
ments of absorption systems along the line of sight of
bright quasars, and by the growing realization that even
null results at the best currently available levels of sen-
sitivity already tightly constrain many cosmology and
particle physics paradigms. A recent review of the field
can be found in [2].
Arguably the simplest class of phenomenological mod-
els for varying α is the one first suggested by Beken-
stein [3] where, by construction, the dynamical degree
of freedom responsible for this variation has a negligi-
ble effect on the cosmological dynamics. These models
are characterized by a single dimensionless phenomeno-
logical parameter, which describes the strength of the
coupling of the dynamical scalar degree of freedom to the
electromagnetic sector, and therefore also determines the
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amount of Weak Equivalence Principle violation in these
models—see [4–7] for a discussion of the relation between
the two. The cosmological implications of these models
were first explored by Sandvik, Barrow and Magueijo [4],
who also obtained some qualitative constraints on the
model. Stronger constraints, benefiting both from addi-
tional data and from a more detailed statistical analysis,
were later obtained in [8, 9].
In what follows we extend these earlier works by study-
ing a broader class of Bekenstein-type models discussed
by Olive and Pospelov [10]. In this case different cou-
plings to the dark matter and dark energy sectors are
allowed, and the behavior of α depends on both of them.
This would immediately suggest that the two parameters
will be degenerate, but as we show a combination of the
available astrophysical measurements of α, which thus
far have been carried out in the approximate redshift
range 0 < z < 4, and local laboratory tests (plus, op-
tionally, cosmological background data) partially breaks
this degeneracy and leads to strong constraints on both
parameters.
Part of our motivation for this work stems from the fact
that more precise and accurate tests of the stability of α
will be available in the near future. Indeed, improving
these tests is a flagship science case for the ESPRESSO
spectrograph [11]—whose commissioning is ongoing at
the time of writing—as well as for next-generation in-
struments such as ELT-HIRES [12] (and analogous in-
struments at other extremely large telescopes). Mean-
while, the sensitivity of local tests with atomic clocks is
also expected to improve. Bearing this in mind—and not-
ing that forecasts for this class of models can be done in
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2all generality using Fisher Matrix analysis techniques—
we also study how current constraints can be improved
in the coming years, focusing on the case of ESPRESSO
(whose technical specifications are all known) but also
providing a more general discussion that may apply to
future spectrographs.
The plan for the rest of the paper is as follows. In
Sect. II we very briefly introduce Bekenstein’s varying
α model, and then discuss its extension by Olive and
Pospelov. Current constraints on this model are then ob-
tained in Sect. III, while in Sect. IV we discuss forecasts
for future facilities, with some emphasis being given to
the ESPRESSO spectrograph but also considering more
general choices of numbers, sensitivities and redshift dis-
tributions of measurements. Finally, brief conclusions are
presented in Sect. V.
II. EXTENDED BEKENSTEIN-TYPE MODELS
In Bekenstein’s class of varying α models [3], a mass-
less scalar field has a linear coupling to the F 2 term of
the U(1) gauge field, which we denote φ; thus a change
in the background value of φ leads to change of the ef-
fective value of α [5–7]. Importantly, Bekenstein also
noticed that the F 2 has a non-vanishing matrix element
over protons and neutrons, implying that the cosmolog-
ical evolution of the field is driven by the baryon energy
density.
Specifically, the electromagnetic part of the La-
grangian has the form
L = −1
4
BF (φ)FµνF
µν (1)
where the gauge kinetic function BF can be linearized to
BF (φ) = 1− κζF (φ− φ0) (2)
with κ2 = 8piG and φ0 being the field value today. This
linearization is expected to be a good approximation both
because the field is expected to be moving slowly and lead
to small variations of α (larger ones being experimentally
and observationally ruled out, as we see in the next sec-
tion) and because, as was pointed out in [6], the absence
of such a term would require the presence a φ→ −φ sym-
metry, but such a symmetry must be broken throughout
most of the cosmological evolution. It follows that the
relative variation of α, which is the observational param-
eter of choice, has the value
∆α
α
(z) ≡ α(z)− α0
α0
= ζFκ(φ− φ0)− 1 ; (3)
thus a negative value corresponds to a smaller value of
α in the past (but note that this definition is opposite
to the one used by [10]). As is physically clear, the rele-
vant parameter in the cosmological evolution is the field
displacement relative to its present-day value, so without
loss of generality we henceforth set φ0 = 0.
In these models the proton and neutron masses are also
expected to vary, due to the electromagnetic corrections
of their masses, and one relevant consequence of this fact
is that local tests of the Equivalence Principle lead to the
conservative constraint on the dimensionless electromag-
netic coupling parameter (see [13] for an overview)
|ζF | < 10−3 ; (4)
stronger constraints can be obtained at the cost of some
model-dependence.
Olive and Pospelov [10] have discussed extensions of
the Bekenstein model by allowing couplings of the scalar
field to both a dark matter candidate and to a dark en-
ergy one; specifically they take the latter to be a cos-
mological constant (an assumption that we retain in the
present work). Denoting these respectively by ηm and
ηΛ, one obtains the following field equation
φ¨+ 3Hφ˙ = −3H20
[
ηmΩm
(a0
a
)3
+ ηΛΩΛ
]
, (5)
where the Ωi = ρi/ρcrit are the present-day matter and
cosmological densities, expressed as fractions of the crit-
ical density. As a caveat, we also note that there are in
principle additional source terms driving the evolution of
the scalar field, for example those proportional to B′F and
B′Λ, but the contributions of these terms are expected to
be subdominant, at least in the low-redshift regime that
we consider in the rest of the article.
Olive and Pospelov also discuss various model sce-
narios to which this phenomenological description is ex-
pected to apply. In addition to the original Bekenstein
model and a supersymmetrized version thereof, examples
include string-dilaton, Brans-Dicke and gaugino driven
modulus models. We refer the reader to [10] for de-
tailed discussions of these scenarios. However, in what
follows we limit ourselves to this phenomenological con-
text, taking ηm and ηΛ to be nominally free parameters
(irrespective of theoretical priors that they may have in
specific models), to be constrained by current or forth-
coming data. This is the purpose of the following two
sections.
For our present purposes it is also convenient to express
the above field equation as a function of redshift. Using
the standard change of variables d/dt = −H(1 + z)d/dz
one easily finds
φ′′ +
(
d lnH
dz
− 2
1 + z
)
φ′ = −3
[
ηmΩm(1 + z)
3 + ηΛ
(1 + z)2E2(z)
]
,
(6)
where
E2(z) =
H2(z)
H20
= Ωm(1 + z)
3 + ΩΛ . (7)
In the last equality we are assuming that the Universe
only includes non-relativistic matter and a cosmological
constant (the radiation being neglected since we are con-
cerned with low-redshift observations), and we further
3assume a flat universe (fully in agreement with the latest
cosmological data [14]), so Ωm + ΩΛ = 1. As in the case
of the original Bekenstein model, it is easy to check that
observational constraints imply that the energy density
of the field φ must be very small, yielding a negligible
contribution to the Friedmann equation. Note that in
this flat ΛCDM case there is an exact solution to the
Friedmann equation,(
a(t)
a0
)3
=
Ωm
ΩΛ
[
sinh
(
3
2
Ω
1/2
Λ H0t
)]2
. (8)
Interestingly, in this case the field equation can also be
analytically integrated, and using Eq. (3) we obtain
∆α
α
(z) = 2ζm log (1 + z) +
2(ζΛ − 2ζm)
3
√
ΩΛ
[
log
(
1 +
√
ΩΛ√
Ωm
)
−
√
E2(z) log
(√
ΩΛ +
√
E2(z)√
Ωm(1 + z)3
)]
; (9)
here log denotes the natural logarithm, and we have de-
fined
ζm ≡ ζF ηm (10)
ζΛ ≡ ζF ηΛ (11)
which are the parameter combinations that are con-
strained by the astrophysical measurements of α. It is
also interesting to consider the behavior of this solution
in the two asymptotic limits. In the low redshift limit
z << 1 we obtain a linearized behavior
∆α
α
(z) =
[
ζΛ + (2ζm − ζΛ) Ωm√
ΩΛ
log
1 +
√
ΩΛ√
Ωm
]
z , (12)
while at high redshifts (z >> 1, but still neglecting the
radiation density contribution) we obtain a dilaton-like
logarithmic behavior
∆α
α
(z) = 2ζm log z+
2
3
(ζΛ−2ζm)
[
1√
ΩΛ
log
1 +
√
ΩΛ√
Ωm
− 1
]
.
(13)
Also relevant is the present-day drift rate,(
1
H
α˙
α
)
0
= −ζΛ +2(ζΛ−2ζm) Ωm√
ΩΛ
log
1 +
√
ΩΛ√
Ωm
, (14)
which is constrained by laboratory tests using atomic
clocks. As a simple illustration, if we take Ωm = 0.3
this becomes(
1
H
α˙
α
)
0
= −0.13ζΛ − 1.74ζm ; (15)
note that the sensitivity to the coupling ζΛ is much
weaker than the sensitivity to ζm. For comparison, if
we write Eq. (9) at redshifts z = 0.14 and z = 1.15, still
assuming Ωm = 0.3, we find(
∆α
α
)
z=0.14
= 0.07ζΛ + 0.12ζm (16)
(
∆α
α
)
z=1.5
= 0.27ζΛ + 1.29ζm . (17)
The former is the effective redshift of the Oklo bound
(to be introduced in the next section), and the rela-
tively low sensitivity to both couplings is worthy of note.
This sensitivity increases with redshift, and by z = 1.5,
a value that is typical of spectroscopic measurements,
these sensitivities are already comparable to those of
atomic clocks. We therefore expect to obtain stronger
constraints on ζm than on ζΛ.
Figure 1 illustrates the redshift dependence of α in
these models, and its sensitivity to the couplings ζm and
ζΛ and the matter density Ωm; note the comparatively
low sensitivity to the latter. For what follows it is also
interesting to note that ∆α/α depends linearly on the
couplings, and moreover their values determine the order
of magnitude of the variation. Thus we expect that con-
straints on the couplings should be of the order of parts
per million (ppm), which is the sensitivity of current as-
trophysical measurements of α, as we discuss in the next
section. For this reason we will express the constraints
on the couplings in ppm units.
III. CURRENT CONSTRAINTS
We use all the available direct astrophysical measure-
ments of α to constrain these models. We separately
consider the Webb et al. [1] data (a large data set of 293
archival data measurements obtained from the HIRES
and UVES spectrographs) and the smaller but more re-
cent data set of 21 dedicated measurements listed in Ta-
ble I. Further details on this compilation can be found
in [2]. Additionally we use the constraint from the Oklo
natural nuclear reactor [15],
∆α
α
= 0.005± 0.061 ppm , (18)
at an effective redshift z = 0.14, and the atomic clocks
laboratory bound on the current drift of α by Rosenband
4FIG. 1. Fine-structure constant evolution in the Olive-
Pospelov model, if one assumes values of ζm of -1 (solid
lines), -1/3 (dashed), +1/3 (dash-dotted) and +1 (dotted).
Top panel: Evolution for values of ζΛ of -1 (black lines),
-1/3 (blue), +1/3 (green) and +1 (red); Ωm = 0.3 was used
throughout. Bottom panel: Evolution for values of Ωm of
0.25 (cyan lines), 0.30 (black), and 0.35 (magenta); ζΛ = 0
was used throughout.
et al. [16], (
1
H
α˙
α
)
0
= −0.22± 0.32 ppm ; (19)
recall that for convenience we are using units of parts
per million throughout. Note that while the Oklo bound
is nominally stronger, the atomic clocks bound is much
more sensitive to the model couplings—compare Eqs.
(15) and (16). This is important for what follows.
We start by making the simplifying assumption of fixed
(perfectly known) matter density, specifically we choose
Ωm = 0.3 in agreement with the latest cosmological data
[14, 24]. A standard likelihood analysis leads to the con-
straints in the ζm–ζΛ plane shown in Fig. 2. As was
Object z ∆α/α (ppm) Spectrograph Ref.
J0026−2857 1.02 3.5± 8.9 UVES [17]
J0058+0041 1.07 −1.4± 7.2 HIRES [17]
3 sources 1.08 4.3± 3.4 HIRES [18]
HS1549+1919 1.14 −7.5± 5.5 UVES/HIRES/HDS [19]
HE0515−4414 1.15 −1.4± 0.9 UVES [20]
J1237+0106 1.31 −4.5± 8.7 HIRES [17]
HS1549+1919 1.34 −0.7± 6.6 UVES/HIRES/HDS [19]
J0841+0312 1.34 3.0± 4.0 HIRES [17]
J0841+0312 1.34 5.7± 4.7 UVES [17]
J0108−0037 1.37 −8.4± 7.3 UVES [17]
HE0001−2340 1.58 −1.5± 2.6 UVES [21]
J1029+1039 1.62 −1.7± 10.1 HIRES [17]
HE1104−1805 1.66 −4.7± 5.3 HIRES [18]
HE2217−2818 1.69 1.3± 2.6 UVES [22]
HS1946+7658 1.74 −7.9± 6.2 HIRES [18]
HS1549+1919 1.80 −6.4± 7.2 UVES/HIRES/HDS [19]
Q1103−2645 1.84 3.5± 2.5 UVES [23]
Q2206−1958 1.92 −4.6± 6.4 UVES [17]
Q1755+57 1.97 4.7± 4.7 HIRES [17]
PHL957 2.31 −0.7± 6.8 HIRES [17]
PHL957 2.31 −0.2± 12.9 UVES [17]
TABLE I. Available dedicated measurements of α. Listed
are, respectively, the object along each line of sight, the red-
shift of the measurement, the measurement itself (in parts per
million), the spectrograph, and the original reference. The
third measurement is the weighted average from 8 absorbers
along the lines of sight of HE1104-1805A, HS1700+6416 and
HS1946+7658, reported in [18] without the values for the in-
dividual systems.
found for the case of the standard Bekenstein model [8, 9],
the Webb et al. data set has a mild (less than two stan-
dard deviations) statistical preference for non-zero cou-
plings, but the other sub-sets and the combined data set
are compatible with the null result. This is further il-
lustrated in Fig. 3, which also confirms that the atomic
clock bound mostly constrains ζm while being compara-
tively insensitive to ζΛ.
We can nevertheless ask whether these results will be
significantly changed if one allows the matter density to
be a free parameter (while still assuming a flat universe).
The expectation that this will not be the case stems from
the fact that the correlation between the two couplings
and the matter density is small, but nevertheless we have
carried out this additional analysis. In this case, in addi-
tion to the aforementioned α measurements we use two
background cosmology data sets: the Union2.1 set of 580
Type Ia supernovas [25] and a compilation of 38 Hubble
parameter measurements by Farooq et al. [26]. Clearly
the cosmological data sets mostly fix the matter density,
while the α measurements constrain the two couplings.
The two panels of Fig. 3 compare the constraints on
the ζm–ζΛ plane obtained either by keeping Ωm fixed (as
5FIG. 2. Current constraints on Olive-Pospelov models, from the Webb et al. data (top left), the recent fine-structure constant
measurements plus Oklo (top right), all the z > 0 measurements combined (bottom left) and the complete data set including
the atomic clock measurement (bottom right). In all cases the black lines correspond to the one, two and three sigma confidence
levels, while the color map depicts the reduced chi-square. Moreover, to facilitate a visual comparison, the depicted range of
each coupling is the same in all panels.
was already done for Fig. 2) or by allowing it to vary and
then marginalizing it, confirming that the differences are
quite small. This is also the case for the one-dimensional
marginalized likelihoods for each of the couplings, which
are shown in Fig. 4.
Table II summarizes the current constraints. In ad-
dition to comparing the results obtained by fixing or
marginalizing the matter density, the table also com-
pares, for the former case, the constraints obtained with
or without the atomic clocks bound. As is clear by com-
paring the bottom panels of Fig. 2, this does have a
significant impact on the constraints: not only does the
overall best fit change (by slightly more than one stan-
dard deviation), but the overall uncertainties are signif-
icantly reduced, especially in the case of ζm. We thus
confirm that current data can constrain both phenomeno-
logical couplings (each of which is the product of the elec-
tromagnetic coupling ζF and one of the model couplings
ηi) to parts per million level, with ζm being more tightly
constrained than ζΛ by a factor of about four.
Cosmological model Ωm fixed Ωm fixed Ωm free
Atomic clocks included No Yes Yes
χ2ν 1.03 1.04 0.96
ζm (68.3% c.l.) −0.78± 0.72 0.12± 0.22 0.1± 0.3
ζm (99.7% c.l.) −0.78± 2.14 0.12± 0.67 0.1± 0.8
ζΛ (68.3% c.l.) 1.15± 1.84 −0.83± 1.09 −0.8± 1.1
ζΛ (99.7% c.l.) 1.15± 5.53 −0.83± 3.26 −0.8± 3.3
TABLE II. Current one and three sigma uncertainties on the
couplings ζm and ζΛ, marginalizing over the other parame-
ter(s), obtained for various assumptions on the matter density
(fixing it or allowing it to vary) and on the usage of the lo-
cal atomic clocks bound, as described in the main text. The
reduced chi-square of the best-fit parameters is also shown.
Recall that the coupling values are expressed in parts per
million.
6FIG. 3. Current constraints in the ζm–ζΛ plane for the Olive-
Pospelov models, from the Webb et al. data (blue lines), the
recent z > 0 fine-structure constant measurements (cyan), the
atomic clock bound (red) and the complete data set (black).
The one, two and three sigma confidence levels are shown in
all cases. Top panel: Matter density assumed to be perfectly
known, with Ωm = 0.3. Bottom panel: Matter density
allowed to vary and marginalized; the cosmological data sets
described in the main text were also included in the analysis.
IV. FORECASTS FOR ESPRESSO AND OTHER
FUTURE SPECTROGRAPHS
At a time when this field is undergoing fast and signif-
icant observational developments, it is worth discussing
how these developments will impact the constraints ob-
tained in the previous section. Specifically, we are at
the dawn of a new generation of high-resolution ultra-
stable optical spectrographs, which will enable much
more sensitive tests of the stability of α and other fun-
damental couplings. The first of these, ESPRESSO [11],
built for the combined Coude´ focus of ESO’s VLT, is
being commissioned at the time of writing (specifically,
FIG. 4. One-dimensional likelihood for each of the couplings,
with the other marginalized.
the commissioning phase is foreseen to take place from
November 2017 to May 2018). The possibility of combin-
ing light from the four VLT unit telescopes means that
ESPRESSO can effectively receive light from a 16 meter
telescope. Thus ESPRESSO will become the instrument
of choice for tests of the stability of fundamental cou-
plings until the era of the Extremely Large Telescopes,
and particularly its flagship spectrograph, ELT-HIRES
[12].
The ESPRESSO Cosmology and Fundamental Physics
working group has made a preliminary selection of the list
of targets for α measurements during the consortium’s
Guaranteed Time Observations (GTO). The criteria un-
derlying this selection and the resulting list of targets are
described in detail in [27, 28]. This consists of 14 absorp-
tion systems, in the redshift range 1.35 ≤ z ≤ 3.02, and
broadly speaking these are the known quasar absorption
systems that lead to the tightest constraints that can be
observed from the VLT location (at Cerro Paranal, Chile)
and with the ESPRESSO wavelength coverage—which is
narrower than those of the VLT-UVES and Keck-HIRES
spectrographs.
For this list of ESPRESSO targets we have generated
simulated measurements with the expected ESPRESSO
sensitivities, assuming two different scenarios: one with
a fiducial model with no α variation (thus ζm = ζΛ = 0),
and the other with a fiducial model that is marginally
inconsistent with current constraints, specifically ζm =
ζΛ = 1 ppm. In each of these cases we consider two sub-
scenarios, which we call ‘Baseline’ and ‘Ideal’, which have
also been discussed in [28]. In practical terms, these cor-
respond to assuming uncertainties in individual α mea-
surements of 0.6 and 0.2 ppm, respectively. These are
meant to represent two estimates of ESPRESSO’s actual
performance and sensitivity for these measurements, with
the former being conservative and the latter being some-
what more optimistic (for example, reaching the corre-
7sponding signal-to-noise may require additional telescope
time on each target). The actual performance of the in-
strument will only be known once the commissioning ac-
tivities have been completed, but one may expect it to
be somewhere between the two.
We also used these 14 targets in the ESPRESSO tar-
get list for a second specific forecast, for ELT-HIRES,
by naively extrapolating the gains from the increased
telescope collecting area and other foreseen technical
improvements—we refer the reader to [12] for the in-
strument’s Top Level Requirements. In these cases the
‘Baseline’ and ‘Ideal’ scenarios correspond to sensitivi-
ties a factor of six better than the ESPRESSO ones. We
note that this forecast assumes that the wavelength cov-
erage of ELT-HIRES will be at least as wide as that of
ESPRESSO, and therefore allows it to observe all the
ESPRESSO targets. This, as well as other technical
specifications of the instrument (which is currently in its
Phase A of development) is still under active study and
consideration, and for this reason this forecast is neces-
sarily more uncertain.
In all cases we have generated a new (simulated) as-
trophysical data set, and used it instead of the current
α measurements at non-zero redshift (that is, those from
Webb et al., Table I and Oklo). Thus a data set of 315
current measurements is replaced by one with only 14,
spanning a smaller redshift range—but naturally having
much better precision. We have assumed a known matter
density, Ωm = 0.3, which was justified in the previous sec-
tion. We have done the analysis both with and without
the atomic clocks bound of Rosenband et al. [16], which
as we previously saw is important in partially breaking
the degeneracy between the two couplings. Finally, we
have also studied an additional scenario, assuming that
the current sensitivity of the atomic clock tests (cf. Eq.
19) is improved by one order of magnitude, leading to a
sensitivity of σclocks = 0.032 ppm.
These forecasts are compared with the current con-
straints in Fig. 5 (which for simplicity only shows the
cases including the atomic clocks) and Table III (which
includes all the cases we have studied) . These make
it clear that even a relatively small set of only 14 mea-
surements will lead to very stringent constraints—and
possibly even significant improvements. As previously
mentioned the Baseline and Ideal scenarios are intended
to bracket the actual performance of ESPRESSO and
ELT-HIRES (with the caveat of larger uncertainties for
the latter).
Broadly speaking we expect the ESPRESSO GTO
data set by itself to lead to constraints at least as good as
those of current astrophysical measurements, though at
this level of sensitivity the atomic clocks bound of Rosen-
band et al. still leads to significant improvements. With
the further gains in sensitivity expected for ELT-HIRES
these would become strong enough to make the atomic
clocks bound less important—on the assumption that the
latter would not improve. However, this is clearly a pes-
simistic scenario. The atomic clocks bound is also ex-
pected to improve in the coming years, and we can see
that our assumed improvement of one order of magnitude
in the sensitivity of this bound again has a significant im-
pact on the constraints, the reason being the previously
discussed one: the high sensitivity of this bound to the
coupling ζm partially breaks the degeneracy with ζΛ.
It is worthy of note that for this model Fisher Ma-
trix based forecasts can be done in a particularly simple
and generic way: since the α variation depends linearly
on the couplings, the Fisher Matrix will not depend on
the choice of the fiducial values of these couplings (for a
fixed choice of cosmology, specifically of Ωm). One can
therefore explore more general forecasts, discussing how
constraints on the two couplings of this model depend
on various observational parameters. The figure of merit
(FoM) for this comparison is pi/A, with A being the area
of the one-sigma confidence level ellipse in the ζm–ζΛ
plane. The two couplings are expressed in ppm units as
before. In this case, since one of the parameters that we
are varying is the number of measurements, we calculate
the FoM using these measurements alone.
Figure 6 shows the values of the FoM obtained by as-
suming a set of future measurements of α each of which
has the ESPRESSO baseline sensitivity (that is, a 0.6
ppm uncertainty is assumed for each of the measure-
ments). The FoM is shown as a function of the num-
ber of measurements and of the redshift range that they
span. For simplicity we always assume that the mea-
surements are uniformly distributed in the given redshift
range. We further consider two alternative scenarios: a
redshift range that is centered at z = 2 (so for example a
range ∆z = 2 corresponds to measurements in the range
1 < z < 3), or a range that always starts at z = 0 (so for
example a range ∆z = 2 corresponds to measurements
in the range 0 < z < 2). The former, which is depicted
by solid lines, is observationally motivated since z = 2 is
approximately the median redshift at which ESPRESSO
can carry out these measurements [27, 28]. The latter,
depicted by dashed lines, provides an interesting contrast
and is also motivated by the fact that the observational
cost of doing these measurements (in other words, the
amount of telescope time needed to reach a given signal
to noise) is smaller at lower redshifts, since lower red-
shift targets are typically brighter. Note that the two
scenarios coincide for ∆z = 4: in that case both of them
correspond to the redshift range 0 < z < 4.
This analysis confirms the obvious point that larger
numbers of measurements lead to larger FoMs (and hence
stronger constraints), but they also show that a wide red-
shift coverage is important in this regard. For compar-
ison, the FoM for the 14 targets of ESPRESSO GTO,
which span the redshift range 1.35 ≤ z ≤ 3.02 (although
they are not uniformly distributed in this redshift range)
is forecasted to be 1.03, while the FoM for the current
data is respectively 1.81 for all available data, and 0.33 if
one excludes the atomic clocks bound from the analysis.
Importantly, the figure makes it clear that concentrat-
ing any number of measurements in a very narrow red-
8FIG. 5. Forecasted constraints on the Olive-Pospelov model, from the combination of the ESPRESSO fundamental physics
GTO target list [27, 28] with atomic clocks measurements. The top panels contain the forecasts including current atomic clock
bounds, while the bottom panels contain forecasts with future (one order of magnitude better) atomic clock bounds. The left
panels show the forecasts for ESPRESSO itself, while the right panels show forecasts for the same target list observed with
ELT-HIRES. In all panels the black contours correspond to the current constraints obtained in Sect. II, the blue and cyan
contours show the forecasts in the Baseline and Ideal scenarios for a fiducial model with ζm = ζΛ = 0 while the red and green
contours show the forecasts in the Baseline and Ideal scenarios for a fiducial model with ζm = ζΛ = 1 ppm. One, two and three
sigma contours are depicted throughout.
Without clocks Current clocks Future clocks
Data set δζm δζΛ δζm δζΛ δζm δζΛ
Current constraints 0.72 1.84 0.22 1.09 N/A N/A
ESPRESSO Baseline 0.73 4.36 0.31 2.03 0.08 1.05
ESPRESSO Ideal 0.24 1.45 0.20 1.19 0.04 0.39
ELT-HIRES Baseline 0.12 0.73 0.11 0.68 0.03 0.25
ELT-HIRES Ideal 0.04 0.24 0.04 0.24 0.03 0.16
TABLE III. Current one sigma uncertainties on the couplings ζm and ζΛ (marginalizing the other) obtained in Sect. III from
current data, and the corresponding forecasts for the ESPRESSO Fundamental Physics GTO target list and the forthcoming
ELT-HIRES, under the assumptions discussed in the text. In particular, the cases with and without the current atomic clocks
bound, as well as with an atomic clocks bound one order of magnitude more sensitive, are shown separately. As in the rest of
the paper, uncertainties are in parts per million.
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FIG. 6. Forecasted constraints on the Olive-Pospelov model
for measurements of α with the ESPRESSO baseline sensitiv-
ity (that is, assuming a 0.6 ppm). The plot shows the value of
the FoM (defined in the text) as a function of the number of
measurements (shown on the horizontal axis), assumed to be
uniformly distributed in a given redshift range (shown on the
vertical axis). For the solid lines the redshift range is always
centered at z = 2, while for the dashed ones it always starts
at z = 0. For comparison, the FoM for the 14 ESPRESSO
GTO targets is forecasted to be 1.03.
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FIG. 7. Forecasted constraints on the Olive-Pospelov model
from various sets of 14 astrophysical measurements of α. The
plot shows the value of the FoM (defined in the text) as a func-
tion of the uncertainty of each measurement (in ppm, shown
on the horizontal axis), assumed to be uniformly distributed
in a given redshift range (shown on the vertical axis). For the
solid lines the redshift range is always centered at z = 2, while
for the dashed ones it always starts at z = 0. For comparison,
the FoM for the 14 ESPRESSO GTO targets is forecasted to
be 1.03.
shift range, or even taking the extreme scenario where
all the available telescope time is spent doing the best
possible measurements on a single target, which corre-
sponds to taking ∆z −→ 0 in the figure, always leads to
a FoM below unity. Note this statement applies whether
this is done at z ∼ 0 or at z = 2, and clearly it applies
to any redshift. Physically the reason is straightforward:
in this class of models the behavior of α depends on two
couplings, and measurements at a single redshift cannot
disentangle them. On the other hand, as was pointed
out in Sect. II, the redshift dependence of α on the two
couplings is itself redshift-dependent, and it is qualita-
tively different at low redshifts (z << 1, when the uni-
verse is accelerating) and at high redshifts (deep in the
matter era). Having measurements that constrain both
of these regimes is therefore an important consideration
when trying to maximize the constraining power of the
(effectively) limited amount of telescope time available
for these measurements.
Finally, in Fig. 7 we assume that the data set al-
ways has the same number of measurements as in the
ESPRESSO GTO case (in other words, N = 14), but al-
low their uncertainties (which are always the same within
a given data set) to vary, ranging between 0.01 and 1
ppm. The latter sensitivity has already been achieved
in one case for α measurements (refer to Table I) and
should be routinely achieved in the future for very large
numbers of targets, while the former one can currently
only be achieved within the Galaxy [29] but is within
the reach of next-generation facilities, at least for rela-
tively small numbers of particularly suitable targets. As
in the case of the previous figure, we assume that these
measurements are uniformly distributed in the various
redshift ranges, and consider both the cases of redshift
ranges centered at z = 2 and starting at z = 0. The
results of this analysis confirm that a wide redshift cov-
erage is crucial regardless of the sensitivity of the individ-
ual measurements, and also make it clear that dedicated
surveys with next-generation instruments, either doing
high sensitivity (i.e., high signal to noise) measurements
on selected numbers of targets or measuring significantly
larger numbers of targets than the 14 of the ESPRESSO
GTO—and in any case covering a wide redshift range—
can improve by several orders of magnitude the FoM for
the constraints on this class of models, corresponding to
more than an order of magnitude improvement on the
individual marginalized constraints on each of the cou-
plings.
V. CONCLUSIONS
We have used currently available astrophysical tests of
the stability of the fine-structure constant α, together
with the Oklo and local atomic clock constraints, to
derive phenomenological constraints on an extension of
the Bekenstein-type models for varying α, first studied
by Olive and Pospelov. We note that both the origi-
10
nal model and its extensions can be seen as ΛCDM-like
models with an additional dynamical degree of freedom,
whose dynamics drives the evolution of α without hav-
ing a significant impact on the Universe’s dynamics. In
particular, this degree of freedom cannot be responsible
for the dark energy (for which a cosmological constant is
still invoked). This is by no means a generic situation:
there are many examples of dark energy models where
the same dynamical degree of freedom can account both
for the dark energy and for a varying α—examples of
such models (including current constraints on them) can
be found in a recent review [2]. The question of which of
these broad classes of models for varying α is the better
motivated one is open to debate, but it is also beyond
the scope of the present work. In any case, we empha-
size that these are interesting models—at the very least
at the phenomenological level at which we have consid-
ered them here—and are subject to stringent constraints.
Moreover, should evidence for α variations be confirmed
by future observations one can, in principle, distinguish
between the two classes of models [2].
Our analysis shows that the two model parameters ζm
and ζΛ are currently constrained to ppm level. Recall
from Sect.II that these parameters are the product of
the electromagnetic coupling ζF , defined in Eq, 2, with
the scalar field coupling to dark matter and dark energy,
respectively denoted ηm and ηΛ—cf. Eqs. 10 and 11.
Moreover, Local Equivalence principle tests require that
|ζF | < 10−3 (cf. Eq. 4). Therefore, if one assumes that
the value of ζF saturates this bound, then ηm and ηΛ are
themselves constrained to be less that 10−3; however,
the former assumption need not be true: if ζF is smaller,
then the ηi are allowed to be larger. It will be interesting
to separately constrain all three parameters (as opposed
to the two products of them) by combining local experi-
ments and astrophysical observations. We leave this task
for subsequent work.
In addition to providing current constraints on these
models, we have also discussed how these are ex-
pected to improve in the context of the new generation
of high-resolution ultra-stable spectrographs (of which
ESPRESSO is the first example) and of expected im-
provements in local atomic clock tests. We have there-
fore used the current target list of 14 α measurements
foreseen for the ESPRESSO GTO as a benchmark for
these forecasts, while also considering more generic sce-
narios. We emphasize that an assumption of 14 targets
is quite conservative: although they are, broadly speak-
ing, the best targets available to ESPRESSO [27, 28],
further improvements can certainly come from observing
additional targets. Indeed, about 300 different absorp-
tion systems have so far provided α measurements, and,
in principle, the number of quasar absorption systems
that can yield measurements is at least one thousand.
Although these observations are costly in terms of tele-
scope time, much larger data sets can therefore be put
together in due course, leading to improvements on cur-
rent constraints on each coupling by more than an order
of magnitude.
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